We demonstrate an integration of polymer light-emitting diode ͑LED͒ and polymer transistor in which no patterning of the organic layers is needed. Intrinsic high-mobility semiconducting conjugated polymer poly͑3-hexylthiophene͒͑P3HT͒ is used as the hole-transport layer for polymer LED. The light emission efficiency is only slightly lower than the LED with conventional heavily doped hole-transport layer. Such LED is easily integrated with a P3HT transistor without patterning.
Active-matrix flat-panel display based on conjugated polymers is now a very active research topic. In an active matrix each pixel contains a light-emitting diode ͑LED͒ driven by a field-effect transistor ͑FET͒, i.e., an active pixel. Polycrystalline silicon 1 and amorphous silicon 2 have been used as the semiconductor for the transistors of polymer active matrix. However, considering the great advantage of solution processibility of the polymers, device design and process can be highly simplified if conjugated polymers can be used for both the LED and the FET. One of the main difficulties is that the carrier mobility of conjugated polymers is usually no more than 10 Ϫ5 cm 2 /Vs. One of the few exceptions is poly͑3-hexylthiophene͒ ͑P3HT͒.
3 Using P3HT, active pixel with polymer FET becomes possible. 4, 5 There is, however, a major obstacle to the development of such a device into an active matrix. In an active matrix the LED and the FET usually use different polymers so they need to be patterned in their respective positions. Unfortunately it is quite difficult to pattern the conjugated polymer films. Techniques for patterning include ink jetting, 6 screen printing, 7 and photochemical cross linking. 8 All of them have their technical drawbacks and instabilities.
In this letter we propose and demonstrate a polymer active pixel without the patterning of any polymer layer. The key idea is to replace the conventional conductive holetransport layer ͑HTL͒ for the LED by a semiconductor, which can then be shared with the FET in the integrated structure ͑Fig. 1͒. Conductive extrinsic semiconductors poly͑3,4-ethylenedioxythiophene͒ doped with polystyrene sulphonated acid ͑PEDOT:PSS͒ are conventionally used for HTL. 9 In principle, it can be replaced by high-mobility intrinsic semiconductor, whose charge carriers come from injection rather than doping. In this integration both the semiconductor layer and the emissive layer can be spin-coated in a large area covering the whole active matrix. We use highmobility polymer P3HT for the HTL and the FET. Even though the low-field conductivity of P3HT is lower than the conventionally used PEDOT, the current density increases rapidly with voltage bias in the space-charge-limited current. We show that for some emissive layers the LED peak efficiency is 1.5 cd/A, not far from the one with PEDOT HTL. Peak brightness of 2500 cd/m 2 is reached. A 200ϫ200 m polymer active pixel free of patterning of any polymer is demonstrated.
P3HT from Aldrich is spin-coated on cleaned ITO glass in 0.6 wt % toluene solution. The film thickness is 350 Å. After spin-coating the film is baked at 125°C for 100 min. Three electroluminescent conjugated polymers are used as the emissve layer: Dow Chemical LUMATION 10 Green-B polyfluorene copolymer;
11 Dow Chemical LUMATION The onset of the current density occurs at higher voltage with P3HT HTL than with PEDOT. Because of the similar holeenergy barriers, the difference in the turn-on voltage is probably due to the hole transport in the HTL. For PEDOT/ Green-B LED, the current is limited by the bulk of the emissive Green-B layer. On the other hand, for P3HT/ Green-B LED the current is limited by P3HT at lower voltage, while at higher voltage the effective P3HT resistivity decreases and the current is limited by Green-B. As for the efficiency, in Fig. 2͑d͒ it is shown that LED with P3HT HTL reaches 2500 cd/m 2 at current density 2000 A/m 2 . The peak conversion efficiency is 1.5 cd/A. The efficiency of a Green-B LED with PEDOT HTL is about 5 cd/A, as shown in Fig. 2͑b͒ for comparison. Note that the difference in spectra for PEDOT and P3HT HTL has to be taken into account in such a comparison. The yellow emission spectrum of LED with P3HT HTL is shown in Fig. 3͑d͒ . In addition to the emission from pure Green-B at 528 nm, there is a strong red emission peaked at 620 nm coming from the interface between Green-B and P3HT. This peak also shows up in the photoluminescence of the device. We assign this to an exciplex state existing between the Green-B and P3HT polymer chains. The results for Blue-J are shown in Figs. 3͑a͒ and 3͑b͒. Contrary to the case of Green-B, the IV curves for P3HT and PEDOT HTL are almost identical. The high resistance of the relatively thick Blue-J implies that the current is limited by the bulk of the emissive layer instead of the HTL. The efficiency for Blue-J LED with P3HT HTL is around 0.3 cd/A, as shown in Fig. 3͑b͒ . Again, this value is about five times smaller than the LED with PEDOT HTL under the same processing condition. The strong interface red emission is also present in the spectrum. The results for PFO are shown in Fig. 3͑c͒ . Peak brightness of 118 cd/m 2 can be reached with P3HT HTL. There is almost no red interface emission for PFO. The efficiency is, however relatively low compared with Green-B and Blue-J. All the emission spectra are shown in Fig. 3͑d͒ . The spectra depend on the thickness of the emissive layer because, in general, the spectra are superpositions of the bulk exciton emission and the interface exciplex emission. As the thickness increases, the bulk emission is enhanced in the spectra. The relatively large thicknesses of Green-B ͑1800 Å͒ and Blue-J ͑3000 Å͒ are chosen such that the spectra are not dominated by the interface emission. The thickness of PFO is thinner because there is no interface emission. The thickness of the emissive layers is 1000 Å for LEDs with PEDOT HTL. The basic results for all three emissive polymers are summarized in Table I .
In order to drive the LED with P3HT HTL, we also fabricate FET with P3HT as the active semiconductor on glass substrate. ITO is used as the gate; 3100 Å of The result is ϭ0.0047 cm 2 /Vs. For a drain current of 3.6 A, the corresponding current density for a typical 100 ϫ100 m LED is 360 A/m 2 . As seen in Fig. 2͑b͒ , the brightness for the LED with P3HT HTL is about 490 cd/m 2 , which is bright enough for many indoor display applications.
Finally, we demonstrate the active pixel without polymer patterning by the integrated device structure shown in Fig. 1 . In the device all the inorganic processes are done before the deposition of the organic layers. The inorganic materials can be patterned easily by the standard photolithography. In particular, we use etching for ITO ͑LED anode and FET gate͒ and SiO 2 , and lift-off for gold ͑FET source and drain͒. The positions of the LED and FET are completely defined by the inorganic patterns. After the inorganic process, the polymer layers can be deposited by successive large-area spin-coating without the necessity of any patterning. The P3HT for HTL and FET are formed in a single spin. Our driving scheme is dramatically simpler than the polysilicon scheme, 1 the amorphous silicon scheme, 2 and the top-emission scheme. 5 The results are shown in Fig. 5 . A photodetector is used to detect the light from the LED, so the photocurrent I p is proportional to the pixel brightness. I p is plotted as a function of the controlling gate voltage. Indeed, for a fixed drain voltage the LED can be turned on and off by the gate voltage, i.e., the action of an active pixel. The current on-off ratio is about 100.
In conclusion, using semiconducting hole-transport layer for LED we demonstrate a polymer integrated active pixel in which no patterning of the polymers is needed. This integrated structure resolve the major difficulty of polymer patterning in the development of polymer active matrix displays. The peak efficiency is 1.5 cd/A. For 100ϫ100 m active pixel LED brightness of 490 cd/m 2 is achieved with maximum drain current of 3.6 A. Currently the emission color is yellow and blue. In principle, our device structure has no restriction on the emissive layer. So, any kind of electroluminescent polymers can be applied over P3HT. Fullcolor active matrix display can be readily achieved with blue emission and color converter. Alternatively, white emissive layer over P3HT plus color filter also enables full-color display. 
